The effect of surface roughness scattering on electron transport properties in extremely thin silicon-on-insulator inversion layers is carefully analyzed. It is shown that if the silicon layer is thin enough ͑thinner than 10 nm͒ the presence of the buried interface plays a very important role, both by modifying the surface roughness scattering rate due to the gate interface, and by itself providing a non-negligible scattering rate. The usual surface roughness scattering model in bulk silicon inversion layers is shown to overestimate the effect of the surface-roughness scattering due to the gate interface as a consequence of the minimal thickness of the silicon layer. In order to account for this effect, an improved model is provided. The proposed model allows the evaluation of the surface roughness scattering rate due to both the gate interface and the buried interface. Once the scattering rates are evaluated, electron mobility is calculated by the Monte Carlo method. The effect of the buried interface roughness on electron mobility is carefully analyzed by changing the height of the roughness. The effect of the silicon layer thickness on this scattering mechanism is also considered.
I. INTRODUCTION
As is very well known, the electronic properties of quasitwo-dimensional electrons in silicon inversion layers are significantly affected by the oxide-semiconductor interface. 1, 2 Thus the main limitations to electron mobility in these physical systems are closely related to inherent phenomena in the oxide-semiconductor interface, such as: ͑i͒ the Coulomb scattering of electrons by fixed charges in the oxide bulk or by trapped charges right at the Si-SiO 2 interface, and ͑ii͒ the interface-roughness scattering of electrons due to the deviation of the Si-SiO 2 interface from an ideal plane. The importance of these phenomena is reflected by the fact that they are responsible for the significant decrease in electron mobility in silicon inversion layers compared to its value in the bulk, both at low inversion charge concentrations ͑Coulomb scattering͒ and at high ones ͑surface roughness scattering͒.
During the last 25 years, numerous research groups have studied the properties of the Si-SiO 2 interface and how it interacts with the electrons and holes in the inversion layer. In particular, electron mobility in silicon inversion layers has been the subject of extensive experimental and theoretical studies. Different physically based models have been proposed to explain the interaction between carriers in the inversion layer and the different interface scattering mechanisms. These models have successfully enabled the quantitative reproduction of experimental results ͑see Ando et al. 1 and references therein, Fischetti et al., 3 and references therein, and Ref. 4͒ .
If the scattering mechanisms related to the presence of the Si-SiO 2 interface significantly affect the electron transport properties in bulk silicon inversion layers, one can easily understand that this effect will be much more important in those physical systems where electrons are simultaneously affected by two such Si-SiO 2 interfaces. This is the case of the very thin silicon films sandwiched between two silicondioxide layers that can be found in electronic devices built on insulator ͑silicon-dioxide͒ substrates, in what has come to be called silicon-on-insulator ͑SOI͒ devices. 5 Many authors have suggested that SOI technology is an attractive future electronic technology due to the many advantages that these devices present when compared to their conventional silicon counterparts. 6, 7 After a long period of incubation, SOI technology is now in a period of rapid and successful development. While technologists and engineers are trying to build high-quality extremely thin SOI devices, 8 it would be of great interest to know how the presence of the second Si-SiO 2 interface ͑buried interface͒ modifies the electron transport properties of the inversion layer. One of the first things that could be done is to determine whether the theories and models developed to take into account the effects of the scattering mechanisms in conventional bulk silicon inversion layers are still valid when they are applied to ultrathin SOI inversion layers. In this respect, we might consider the role played by the quantization of the inversion layer and its dependence on the silicon thickness, or the effect of the confinement of electrons in the thin layer on the phonon scattering, or ͑as is the case in this article͒ the role played by the presence of a buried interface in the surface-roughness scattering caused by the first interface, or the scattering produced by the buried interface itself. Some work has already been done on all these subjects: the available experimental data and the research work that has already been performed on the electron transport properties in these systems shows significant differences compared to their conventional counterparts. [9] [10] [11] [12] So, for example, Shoji et al. ͑Refs. 13 and 14 and references therein͒ in a recent and extensive work predicted that the electron mobility in SOI inversion layers with silicon layers thinner than a given value T w inf should show a different behavior ͑a lower value͒ from that observed in bulk silicon inversion layers. After that, different articles were published to shed some light on this issue, [15] [16] [17] [18] particularly on the effect of the silicon layer thickness on phonon scattering and on the reduction on the conduction effective mass due to the confinement of electrons in the very thin silicon film.
Among all the scattering mechanisms that can significantly affect the electron transport properties of twodimensional electrons, surface roughness scattering is believed to be an important limitation of ultrathin SOI devices, mainly as the silicon layer thickness is reduced. 18 Therefore, it is of great interest to analyze its effect on carrier transport properties in these structures.
Comprehensive studies, involving advanced microscopic techniques, on the nature of the Si-SiO 2 interface have been published.
1,2 Goodnick and co-workers 2 have studied the microscopic statistical properties of random surface roughness at the Si-SiO 2 interface using high-resolution transmission electron microscopy ͑HRTEM͒ in bulk silicon inversion layers. By reproducing their experimental mobility data they investigate the form of the autocovariance of the surface roughness, 1 that is to say, the statistical properties of the interface roughness. On the other hand, Yoshinobu et al. 19 studied the Si-SiO 2 interface by atomic force microscopy ͑AFM͒ and found that the observed power spectrum of the interface roughness is in good agreement with the model proposed by Goodnick et al. Therefore, we can conclude that the nature of the Si-SiO 2 interface has been extensively studied. However, we cannot say the same for the effect of this interface on the electron transport properties in different electron devices.
The goal of this work is to theoretically analyze the role played by surface roughness scattering on the electron transport properties in ultrathin SOI inversion layers. First of all, we wished to determine whether the usual model of surface roughness scattering in bulk silicon inversion layers is applicable to ultrathin SOI ones. The results obtained in the present work indicate that this usual model does not work for ultrathin SOI MOSFETs, and that an improved one must be developed ͑Sec. II͒.
In the study of the electron transport properties of the electrons in semiconductors, it is necessary to solve the Boltzmann transport equation ͑BTE͒. Although there are several ways to solve the BTE 20 we have adopted the Monte Carlo method. As shown in Sec. III, the Monte Carlo simulator allows us to calculate electron mobility curves. Using the modified interface roughness model, the effects of both interfaces on the electron mobility are comprehensively studied in Sec. IV. We have also attempted to quantify the influence of the buried interface roughness on electron mobility as a function of the silicon layer thickness. Finally, the main results and conclusions of our work are summarized in Sec. V.
It would have been interesting to compare the simulation results to experimental data. However, the lack of adequate samples and mobility data ͑conveniently characterized͒ in the literature has prevented us from doing that. In any case, the absence of such a comparison in no way modifies the nature and conclusions of our theoretical study.
II. THEORY
In the usual models for surface roughness scattering, the first assumption made is the consideration that the interface between the silicon and the oxide is an abrupt boundary which randomly varies according to a function ⌬ of the parallel coordinate, r, ⌬͑r͒.
1 This assumption was satisfactorily checked by Goodnick and co-workers, 2 through HRTEM analysis of different. Si-SiO 2 interfaces, and by Yoshinobu et al. 19 by AFM. We are not going to question this assumption in this work since, in view of the present knowledge of the Si-SiO 2 interface, the assumption is probably not unreasonable.
The second assumption made in the usual models for surface-roughness scattering in conventional bulk silicon inversion layers is that the surface potential may be expanded about the interface as 1, 21 V͓zϩ⌬͑r͔͒ӍV͑z ͒ϩ⌬͑ r͒ ‫ץ‬V͑z ͒ ‫ץ‬z , ͑1͒
where V(z) is the nonperturbed surface potential and z in the coordinate perpendicular to the interface. The surfaceroughness perturbation Hamiltonian is given by
Taking into account Eq. ͑1͒, the perturbation Hamiltonian can then be approximated by
where E(z) is the transverse electric field. The scattering matrix element for a transition from the th to the th subband in the Born approximation is then given by
where kЈ is the electron wave vector before the scattering, k is the electron wave vector after the scattering, qϭkϪkЈ, e is the electron charge, (z) is the envelope function in the th subband, and ⌬͑q͒ is the Fourier transform of ⌬͑r͒. The study by Goodnick et al. 2 concentrated on the form of ⌬͑r͒ and ⌬͑q͒. By fitting experimental mobility data, these researchers provided an exponential expression for ͉⌬(q)͉ 2 , instead of the usual Gaussian one which was widely used until then. 1 The previous model ͓Eq. ͑4͔͒ based on the linear expansion of the perturbed potential ͑which has been shown to work satisfactorily in bulk silicon inversion layers͒ does not work in extremely thin SOI inversion layers due to the presence of the buried oxide and the minimal silicon layer thickness, as shown below. To see this, we calculated the exact perturbation Hamiltonian ͓expression ͑2͔͒ for a given SOI structure and compared it with the approximate one given by expression ͑3͒. The same was done for a conventional bulk silicon inversion layer, and we determined the validity of the model for this kind of devices.
Since we have two Si-SiO 2 interfaces to deal with, we to assume that both interfaces are completely uncorrelated and that the superposition principle is valid, that is to say, we shall consider the surface roughness scattering by the two interfaces as two different scattering mechanisms.
We first analyze the effect of the gate interface.
A. Gate interface
At a given position (r 0 ,zϭ0) of the gate interface, we have assumed a z displacement of the actual interface of ⌬ 1 nanometers from the ideal interface plane located at zϭ0. The insert of Fig. 1 compares the actual potential at r 0 ͑dashed line͒ with the potential we should have obtained for an ideal interface ͑solid line͒. The structure we have considered consists of a T w ϭ5 nm thick silicon layer sandwiched between two oxide layers. The upper oxide layer is 5 nm thick, while the lower oxide layer is considered to be 80 nm thick. Figure 1 shows the exact perturbation Hamiltonian ͓expression ͑2͒ as a solid line͔, and compares it to the approximate perturbation Hamiltonian given by expression ͑3͒. As can be observed, differences of around 20% are obtained. In addition the separation between the two curves is greater in the region of the silicon film where the concentration of electrons is higher, as shown in Fig. 2 . Figure 2 shows the electron distribution and the potential well for an electron concentration of N inv ϭ8ϫ10 12 cm Ϫ2 . The error obtained in the perturbation Hamiltonian as a consequence of the linear expansion of the perturbed potential is represented as a mean error of about 20% in the scattering matrix element. In other words, the usual model overestimates surface roughness scattering by 20%, resulting ͑as seen below͒ in an important underestimation in the electron mobility calculation, mainly at high inversion charge concentrations. In accordance with this reasoning, an improved model for the surface roughness scattering in SOI inversion layers is needed.
On the contrary, if the model given in Eq. ͑3͒ is applied to calculate the surface-roughness perturbation Hamiltonian in a conventional inversion layer (T w →ϱ) ͑Fig. 3͒ the approximation ͑dashed line͒ to the actual perturbation ͓Eq. ͑2͒, solid line͔ provided by this model is accurate enough, and therefore useful to evaluate the surface-roughness scattering in these systems.
Let ⌬ m be the rms value of ⌬͑r͒, where for a given point r at the interface, the z displacement of the interface from an ideal plane is ⌬͑r͒. To evaluate the perturbation Hamiltonian ͓Eq. ͑2͔͒ we assume that
Therefore, the perturbation Hamiltonian due to surface roughness scattering is now 
͑7͒ Figure 4 compares the perturbation Hamiltonian given by expression ͑6͒ with the exact perturbation Hamiltonian for a given point at the interface r 0 , where ⌬(r 0 ) ϭ0.25 nm. ⌬ m is considered to be 0.5 nm. The coincidence of the two curves proves that this model accurately reproduces the perturbation Hamiltonian.
As a consequence, the matrix element for surface roughness scattering in the Born approximation is finally given as
͑8͒
Therefore to evaluate this matrix element we have to previously evaluate ⌬V m (z) according to Eq. ͑7͒. Figure 5 shows the matrix element ͉M (q)͉ 2 for ϭ1 ͑ground subband͒, using expression ͑4͒ ͑dashed line͒ and expression ͑8͒ ͑solid line͒. An exponential model for ͉⌬(q)͉ 2 with ⌬ m ϭ0.5 nm and Lϭ1.5 nm is assumed ͑L being the autocovariance length of the roughness fluctuations
The comparison of the matrix element for the ground subband shows a difference of 20% from the usual model for surface roughness scattering ͓expression ͑4͔͒, thus showing the importance of correctly modeling the perturbation Hamiltonian.
Finally, the surface-roughness scattering rate for an electron with wave vector k in the subband and final state in the subband is given by
The surface roughness scattering potential is affected by the screening of the mobile electrons in the inversion layer. 1, 3, 21 When the screening effect is included, Eq. ͑11͒ becomes:
where ⑀(q) is given by
and
B. Buried interface
The model given by expression ͑8͒ can be extended naturally in order to take into account the effect of the roughness of the buried interface. Following the steps given above, it is possible to evaluate the perturbation Hamiltonian arising from a displacement of the buried interface from an ideal plane. Figure 6͑a͒ shows the perturbation Hamiltonian at a given point r of the buried interface due to a z displacement of ⌬ m ϭ0.5 nm of the actual interface from the ideal interface. The insert compares the two potential wells.
As can be seen by comparing Figs. 1 and 6͑a͒, the influence of the roughness of the buried interface is much weaker than the effect of the roughness of the gate interface. Figure  6͑b͒ compares the perturbation Hamiltonian given by the improved surface-roughness scattering model ͓expression ͑4͔͒ with the exact perturbation Hamiltonian for a given point at the interface r 0 where ⌬(r 0 )ϭ0.25 nm (⌬ m ϭ0.5 nm). Now we can evaluate the scattering matrix element, ͉M (q)͉ 2 , determined by the interface roughness of the buried interface as shown in Fig. 7 ͑dashed line͒. We have calculated the matrix elements for intrasubband transitions for the ground subband ͑ϭ1͒ and the first excited subband ͑ ϭ2͒. We have also compared these matrix elements to the matrix elements determined by the gate interface ͑solid line͒ for the same ⌬ m ϭ0.5 nm. As observed, the scattering matrix elements due to the gate interface are more than two order of magnitude greater than the scattering matrix elements due to the buried interface. It is also interesting to note the different behavior of the electrons in the excited subbands. The scattering matrix element due to the gate interface decreases for the excited subbands, that is to say, electrons in the ground subband ͑that is the nearest to the gate interface͒ have the highest scattering rate. However, the situation is contrary for the buried interface, i.e., the ground subband, which is the farthest from the buried interface and has the smallest scattering rate, which increases for excited subbands. As we will see in Sec. IV, all these considerations are very useful in interpreting the mobility calculations.
III. ELECTRON MOBILITY
Once we have evaluated the scattering matrix elements due to the roughness of both interfaces, we can calculate the electron mobility in these ultrathin inversion layers. To do so, we have used a one-electron Monte Carlo simulator. 4, 23 The Monte Carlo method is held to contain a more rigorous description of device physics than models based on the solution of fundamental balance equations.
Electron quantization in the ultrathin inversion layer has been properly taken into account, self-consistently solving the Poisson and Schroedinger equations. ͑A detailed description of this simulation can be found elsewhere͒. 1, 23, 24 In this study, a nonparabolic six equivalent ellipsoidal ⌬ valleys model for the silicon conduction band was assumed, taking ␣ϭ0.5 eV
Ϫ1
, with ␣ being the parameter of nonparabolicity. This limits our study to low-electron energies ͑below 0.5 eV͒. We have considered the Si/SiO 2 interfaces to be parallel to a ͓100͔ plane. Under these conditions, the quantum size effects cause the degeneracy of the six equivalent minima of the silicon conduction band breaks and the electrons to be distributed into two sets of subbands:
1 one set arises from the two equivalent valleys showing the longitudinal mass in the direction perpendicular to the interface (E 1 ,E 2 ,...) and the other one from the four equivalent valleys showing the transverse effective mass in the same direction (E 1 Ј ,E 2 Ј ,...). The electron effective masses are assumed to be those obtained for the silicon bulk.
1,25 m t ϭ0.19m 0 , m l ϭ0.98m 0 , with m 0 being the free-electron mass. One may well question the use of effective-mass approximation for electronic states whose spatial extent is limited to a few atomic layers (T w less than 20 nm͒. As pointed out by Ando et al., 1 it is thought to be the lack of knowledge about the physical parameters and uncertainties of the problem, rather than the effective-mass approximation itself, that limits the accuracy of phonon-limited electron mobility calculations.
Only phonon and surface-roughness scattering have been taken into account in this work. Coulomb scattering due to doping impurities and interface-trapped charges can be an important limitation to the carrier transport in silicon inversion layers.
1,4,26 However, this limitation mainly occurs at FIG. 6 . ͑a͒ Perturbation Hamiltonian due to the displacement of the buried interface from the plane zϭT w at a given position r 0 of the buried interface in a single gate silicon on insulator inversion layer. ͑Inset͒ ͑Dashed line͒ Actual potential well in a single gate silicon-on-insulator inversion layer when a z displacement of the interface of ⌬ 1 nm from the ideal interface plane located at zϭT w occurs at a given r 0 of the buried interface. ͑Solid line͒ Ideal potential well. ͑b͒ Perturbation Hamiltonian due to the displacement of ⌬(r 0 )ϭ0.25 nm of the interface from the plane zϭT w at a given position r 0 of the buried interface ͑squares→exact; circles→approximated using the model proposed in this work͒.
FIG. 7.
Surface roughness scattering matrix element ͉M (q)͉ 2 for intrasubband transitions due to the gate interface ͑solid line͒ and due to the buried interface ͑dashed line͒. low inversion charge concentrations. At higher inversioncharge concentrations the screening of the scattering centers by the carriers themselves greatly reduces the Coulomb scattering rate, 1, 3, 4 which takes values much lower than the scattering rates for the rest of the scattering mechanisms. On the other hand, surface-roughness scattering becomes important at high inversion charge concentrations where, as noted above, Coulomb scattering is a marginal scattering mechanism. Therefore, the results and conclusions drawn for surface-roughness scattering are not modified by the presence or absence of Coulomb scattering.
For the phonon scattering, we have considered acoustic deformation potential scattering and intervalley phonon events. The coupling constants for the intervalley phonons and the acoustic deformation potential were the same as in bulk silicon inversion layers. 25, 3 The phonon-scattering rates for inversion layers have been deduced by using Price's formulation. 27 Here again, the use of bulk phonons is questionable, as the presence of Si-SiO 2 interfaces undoubtedly alters the dispersion of the phonons, their nature, and their coupling to the electrons. Previous studies 28 taking these effects into account under very idealized conditions showed that phonon-limited mobility is reduced by 20% or less 3 due to the presence of the Si/SiO 2 interfaces. Nevertheless, if such idealized conditions are relaxed, an even lower reduction is expected. For these reasons and due to the difficulty of dealing with the effects of the interfaces on the phononscattering rate, 3, 28 we have ignored such effects, and considered that only bulk phonons are not influenced by the layered structure. In any case, the presence of both Si/SiO 2 interfaces is more important as the silicon layer thickness is reduced. As shown below, this indicates a further reduction in the phonon-limited mobility as the silicon layer thickness decreases. Finally, the effect of SiO 2 polar-phonon scattering has also been ignored.
In our simulation the electron energy has been limited to 0.5 eV, since for higher electron energies the results obtained by the simulation are not likely to be very accurate, as a detailed band structure was not used. Accordingly, as the silicon band gap is set to 1.12 eV at room temperature ͑and thereby setting the energy threshold for the impact ionization process͒, impact ionization has not been included.
IV. RESULTS AND DISCUSSION
As mentioned before, in the present work we attempt to show the effect of surface roughness scattering on electron mobility in ultrathin silicon inversion layers. To do so, we have calculated electron mobility curves for different silicon layer thicknesses and different surface roughness heights at room temperature, using the Monte Carlo simulator described above.
The first thing we have done is to compare the results provided by the previous model ͓Eq. ͑4͔͒ with the results provided by the model developed along this article ͓Eq. ͑8͔͒. To make this comparison, we have assumed that the buried interface is ideal, ⌬ m2 ϭ0 nm, while the gate interface has the following surface-roughness parameter: ⌬ m1 ϭ0.5 nm, L 1 ϭ1.5 nm. Figure 8 shows the electron mobility curves as a function of the transverse effective field ͑given by Ref. 29͒
where n(z) is the electron distribution in the inversion layer and E(z) is the local transverse electric field. 13 The same structure as described in Sec. II has been assumed. The solid line curve corresponds to the previous model ͓expression ͑4͔͒, while the curve with symbols corresponds to the mobility calculation assuming the model proposed in this work ͓expression ͑8͔͒ for surface roughness scattering. As can be seen, an important underestimation of mobility is obtained at high inversion charge concentrations ͑and therefore at high transverse effective fields͒ when the bulk model is used. These results demonstrate, once more, the need for the improved model. At low inversion charge concentrations ͑low transverse effective electric fields͒ phonon scattering is stronger than surface-roughness scattering. This explains why the two mobility curves tend to coincide as the effective field decreases.
Note Fig. 8 which illustrates the fact that at low inversion charge concentrations, the mobility value is much lower than the value that can be found at such concentrations in conventional silicon inversion layers ͑ignoring the effect of Coulomb scattering͒. 30 This behavior is a consequence of the increase in the phonon scattering rate due to the greater confinement of the electrons as the silicon film thickness shrinks, 15, 16 since the less localized in the wave vector space the electrons are, the higher the number of phonons that can assist carrier transitions, 3, 27, 31, 32 The two-dimensional scattering rate for the different phonon-assisted transitions of a carrier with an initial state in the th subband and a final state in the th subband is proportional to the factor 27 (z) is the envelope of the electron wave function in the th subband, z is the coordinate perpendicular to the interfaces, and q z the change in the component perpendicular to the interfaces of the carrier momentum in a transition from the th subband to the th subband.
Following Price, 27 W can be expressed as
where W represents the effective well width for the th subband. 27, 33 It is therefore expected that the lower the Si layer thickness, the narrower the effective well width and the larger the overlap integral ͓Eq. ͑17͔͒, and therefore, the larger the phonon-scattering rate. Having established the suitability of the modified model, the role of the roughness of both interfaces was carefully characterized. Figure 9 shows electron mobility curves for different values of the surface-roughness parameters. In all cases, the parameter L has been taken to be 1.5 nm. In Fig. 9͑a͒ ⌬ m1 , that is to say, the rms value of ⌬͑r͒ for the gate interface has been considered to be 0.1 nm, while in Fig. 9͑b͒ ⌬ m1 ϭ0.5 nm. In Fig. 9͑a͒ and 9͑b͒ ⌬ m2 ͓the rms value of ⌬͑r͒ for the buried interface͔ takes the following values: 0.1 nm ͑solid line͒, 0.25 nm ͑full circles͒, and 0.5 nm ͑full squares͒. Note that the value sets chosen for surface-roughness scattering belong to the interval shown in the work of Goodnick et al. as usual values for ͑100͒ Si-SiO 2 interfaces.
Comparison of Fig. 9͑a͒ and 9͑b͒ reveals the following facts:
͑a͒ The roughness of the buried interface does affect the electron mobility in these structures, and therefore it has to be taken into account. This highlights, once again, the necessity of our study.
͑b͒ For the same ⌬ m1 value, all the mobility curves tend to coincide at high transverse effective fields regardless of the value of ⌬ m2 . This behavior can be explained as follows: at high transverse effective fields, electrons are very close to the gate interface ͑see Fig. 2͒ . This means that the separation of the electrons from the buried interface is greater and the effect of the roughness of this interface is hidden by the more important role played by the gate interface roughness.
͑c͒ At low transverse effective fields, the different mobility curves also tend to coincide. Now the situation, and therefore the explanation, is completely different. At low inversion charge concentrations electrons are spread along the silicon layer, and therefore are closer to the buried interface. This fact could lead us to believe that the surface-roughness scattering rate due to this interface should now be greater, and the scattering due to the gate interface much smaller. Consequently, the difference between the mobility curves should now be maximum. Although the first part of this reasoning is obviously true, we must not forget that the surfaceroughness scattering matrix elements ͓Eq. ͑8͔͒ and therefore the scattering rate receive both the contribution of the spatial distribution of the carriers through the term (z) and the perturbation Hamiltonian H SR (z,q) due to the deviation of the actual interface from an ideal plane. At low inversion charge concentrations ͑when the band bending due to the bias is small͒ the perturbation Hamiltonian is quite small, and therefore the surface-roughness scattering rate is negligible in comparison to the phonon scattering rate which is the same for all the mobility curves, since the silicon thickness T w is the same for all of them. This is the reason why all the mobility curves tend to coincide at low inversion charge concentrations.
To illustrate this fact more clearly, Fig. 10 shows the scattering matrix elements for a low transverse effective field due to both gate interface ͑solid line͒ and to buried interface ͑dashed line͒, for intrasubband transitions in the ground subband ͑1͒ and the first excited subband ͑2͒. On comparing Fig.  10 with Fig. 7 we can observe that in the former case the separation between matrix elements corresponding to both interfaces is much smaller. At the hypothetical limit where inversion charge distribution is symmetric with respect to the middle of the silicon layer, the scattering matrix elements would coincide.
͑d͒ Returning to Fig. 9 , we can see that the effect of the surface roughness scattering due to the buried interface is a little more important as the gate interface is softer, as can be deduced from the slightly greater separation of the mobility curves in Fig. 9͑a͒ than in Fig. 9͑b͒ , mainly in the range of transverse fields around 10 4 V/cm. Figure 11 shows the relative variation of the mobility produced by a modification in the buried interface from ⌬ m2 ϭ0.1 nm to ⌬ m2 ϭ0.5 nm, keeping constant the value of ⌬ m1 . As seen, for ⌬ m1 ϭ0.1 nm the relative variation of the mobility is 7%, while for ⌬ m1 ϭ0.5 nm this relative variation is 5%. This quantification is important since it shows that although ͑as expected͒ the softer the gate interface, the more important the effect of the roughness of the buried interface, this effect ͑7%, 5%͒ is not as important as one might expect. In addition, this separation occurs in a range of transverse electric field where Coulomb scattering might be important, and therefore the effect of the roughness of the buried interface could be still smaller.
Experimental studies of the microscopic structure of the two interfaces show that the buried interface is rougher than the gate interface, and so it is necessary to carefully examine the role of the buried interface. 12, 34 To see the actual effect that the roughness of the buried interface has on electron mobility, in Fig. 12 we compare the mobility curves obtained, assuming that: ͑i͒ both interfaces are ideal (⌬ m1 , ⌬ m2 ϭ0, solid line͒; ͑ii͒ only the gate interface is ideal ͑⌬ m1 ϭ0 nm, ⌬ m2 ϭ5 nm, bold squares͒; ͑iii͒ only the buried interface is ideal (⌬ m1 ϭ5 nm, ⌬ m2 ϭ0 nm, bold circles͒; and ͑iv͒ both interfaces are affected by surface roughness ͑⌬ m1 ϭ5 nm, ⌬ m2 ϭ5 nm, triangles͒. From Fig. 12 , the following facts can be deduced:
͑a͒ All the mobility curves coincide at low inversion charge concentrations. This is also true for the mobility curve where surface-roughness scattering is ignored ͑solid line͒. This result merely corroborates the explanation given in point ͑c͒ above.
͑b͒ The decrease observed in the mobility curve due to phonon scattering alone ͑solid line͒ as the inversion charge concentration increases is due to the higher confinement of the inversion charge when the inversion charge concentration ͑and therefore the transverse effective field͒ increases, producing a higher phonon-scattering rate ͑as mentioned above͒.
By using Matthiessen's rule it is possible to isolate the contribution of surface roughness scattering to overall electron mobility:
where SR is the mobility due to surface roughness scattering alone, phonon is the mobility due to phonon scattering alone, and total is the mobility due to both surface roughness and phonon scattering. Although the application of Matthiessen's rule to the case of high temperatures and high inversion charge concentrations ͑the case dealt with here͒ is questionable and can lead to inaccurate quantitative results, it is interesting to analyze the mobility due to surface roughness alone, since this sheds some light on the effect of the buried interface. Figure 13 shows the result of applying Matthiessen's rule to the mobility curves of Fig. 12 .
͑a͒ The curve in bold squares in Fig. 13 corresponds to the mobility due to surface-roughness scattering of the buried interface alone. This mobility curve shows a double trend as inversion charge concentration increases: at low inversion charge concentrations, it decreases as the inversion charge concentration increases, then it reaches a minimum, and finally begins to increase. This behavior is a consequence of the two contributions mentioned above: the effect of the perturbation Hamiltonian, which makes the scattering matrix element increase as the inversion charge concentration increases; the effect of the spatial distribution of electrons in the inversion layer, which causes the matrix element de- FIG. 11 . Relative modification of the electron mobility produced by a variation in the buried interface from ⌬ m2 ϭ0.1 nm to ⌬ m2 ϭ0.5 nm keeping constant the value of ⌬ m1 . ͑Solid line͒ ⌬ m1 ϭ0.1 nm. ͑Dashed line͒ ⌬ m1 ϭ0.5 nm.
FIG. 12. Mobility curves assuming that: ͑solid line͒ both interfaces are ideal (⌬ m1 ϭ⌬ m2 ϭ0 nm); ͑squares͒ only the gate interface is ideal (⌬ m1 ϭ0 nm, ⌬ m2 ϭ0.5 nm); ͑circles͒ only the buried interface is ideal: (⌬ m1 ϭ0.5 nm, ⌬ m2 ϭ0 nm); ͑triangles͒ both interfaces are affected by surfaceroughness (⌬ m1 ϭ0.5 nm, ⌬ m2 ϭ0.5 nm).
crease as the inversion charge concentration increases, due to the greater distance of the electrons from the buried interface, ͑b͒ The curve in full circles corresponds to the mobility due to the surface-roughness scattering of the gate interface alone. Its behavior is opposite that shown by the mobility curve due to the surface roughness of the buried interface alone; this mobility curve is strictly a decreasing one, since the two factors mentioned above contribute in the same way in this case.
͑c͒ Finally, the curve in full triangles corresponds to the mobility due to the surface roughness of both interfaces. We can see that the effect of the roughness of the buried interface only reduces the electron mobility in the range of low transverse effective fields.
We have also analyzed the effect of the silicon film thickness. Figure 14 shows mobility curves for different values of the silicon layer thickness ͓T w ϭ20 nm ͑solid line͒, T w ϭ10 nm ͑closed circles͒, T w ϭ5 nm ͑closed squares͔͒. In Figs. 14͑a͒ and 14͑b͒ we can see the decrease of the mobility at low inversion charge concentrations as a consequence of the increase in the phonon scattering as T w decreases. Another important fact that can be seen in is that all the mobility curves tend to coincide at high inversion charge concentrations. In this region, the main scattering mechanism is the surface-roughness scattering due to the gate interface. Therefore, we can conclude that the silicon layer thickness does not have any effect on the surface-roughness scattering due to the gate interface.
We have seen that for T w ϭ5 nm the surface-roughness scattering of the buried interface produces a variation in the electron mobility of 5%-7% depending on the roughness of the gate interface. We have also studied the effect of the surface roughness scattering of the buried interface as T w increases. Figure 15 shows electron mobility curves for different values of the surface-roughness parameters considering a silicon layer thickness of T w ϭ10 nm. In Fig. 15͑a͒  ⌬ m1 , that is to say, the rms value of ⌬͑r͒ for the gate interface has been considered to be 0.1 nm, while in Fig. 15͑b͒ ⌬ m1 ϭ0.5 nm. In Figs. 15͑a͒ and 15͑b͒ ⌬ m2 ͓the rms value of ⌬͑r͒ for the buried interface͔ takes the following values: 0.1 nm ͑solid line͒; 0.25 nm ͑closed circles͒; 0.5 nm ͑closed squares͒. But the three curves almost coincide. As can be deduced from these figures, the effect of the buried interface is almost negligible for this silicon layer thickness. Therefore, we can conclude that the surface roughness scattering due to the buried interface is important only for silicon layers thinner than 10 nm. The silicon layer thickness T w was taken equal to 10 nm. In all cases, L ϭ1.5 nm. The rms value of ⌬͑r͒ for the gate interface, ⌬ m1 , takes the following values: ⌬ m1 ϭ0.1 nm ͑a͒, and ⌬ m1 ϭ0.5 nm ͑b͒. For each value of ⌬ m1 , the rms value of ⌬͑r͒ for the buried interface, ⌬ m2 , takes the following values: ⌬ m2 ϭ0.1 nm ͑solid line͒; ⌬ m2 ϭ0.25 nm ͑full circles͒; ⌬ m2 ϭ0.5 nm ͑full squares͒.
V. SUMMARY
The effect of the surface-roughness scattering on the electron transport properties in extremely thin silicon-oninsulator inversion layers is carefully analyzed. It is shown that if the silicon layer is thin enough ͑thinner than 10 nm͒, the presence of the buried interface plays a very important role, both by modifying the surface-roughness scattering rate due to the gate interface, and by itself providing a nonnegligible scattering rate by itself. The usual surfaceroughness scattering model in bulk silicon inversion layers is shown to overestimate the effect of the surface-roughness scattering due to the gate interface. In consequence, an improved model is necessary. The proposed model allows us to evaluate the surface-roughness scattering rate due to both the gate interface and the buried interface. Once the scattering rates are evaluated, the electron mobility is calculated by the Monte Carlo method. As our goal was to study the effect of the surface roughness, only phonon and surface-roughness scattering mechanisms were taken into account in our simulation. The effect of phonon scattering on electron mobility is briefly explained. The effect of the presence of the buried interface on electron mobility is carefully analyzed. It has been shown that the minimal thickness of the silicon layer reduces the effect of the surface roughness of the gate interface. On the other hand, we have shown that the roughness of the buried interface does affect electron mobility if the silicon layer thickness is less than 10 nm, and therefore it must be taken into account.
